A semi-empirical potential for the Al 90 Sm 10 alloy is presented. The potential provides satisfactory reproduction of pure Al properties, the formation energies of a set of Al-Sm crystal phases with Sm content about 10%, and the structure of the liquid Al 90 Sm 10 alloy. During molecular dynamics simulation in which the liquid alloy is cooled at a rate of 10 10 K s −1 , the developed potential produces a glass structure with lower ab initio energy than that produced by ab initio molecular dynamics (AIMD) itself using a typical AIMD cooling rate of 8·10 13 K s −1 . Based on these facts the developed potential should be suitable for simulations of phase transformations in the Al 90 Sm 10 alloy.
the process competing with vitrification is solidification, this means that for some reason the nucleation/growth of crystal phases is difficult in this concentration region. According to the phase diagram [2] , the stable crystal phases are fcc Al and Al 3 Sm, but different metastable crystal phases can appear during solidification/devitrification [3, 4] . To analytically describe possible phase transformation pathways in Al 90 Sm 10 , knowledge of the driving forces for all possible phase transformations, atomic diffusivities in all phases and all relevant interface properties are needed. While the driving forces and atomic diffusivities can be obtained from ab initio calculations, determination of the properties of interfaces between different phases requires using classical molecular dynamics (MD) simulation [5] and therefore, employing semi-empirical potentials. Moreover, even the determination of the unit cell of a crystal phase may require a semi-empirical potential if the unit cell is sufficiently large, in which case ab initio calculations that test all possible candidates can become too expensive (e.g. see [6] ). To our best knowledge, there are currently no semi-empirical potentials suitable for simulation of the structure and interface properties in Al-Sm alloys. In the present paper, we present a semi-empirical potential suitable for simulations of solidification/devitrification in the Al 90 Sm 10 alloy.
Any potential appropriate for simulating phase transformations should be very computationally efficient, yet at the same time reproduce the main material properties. The most popular types of potentials employed to simulate phase transformations in metallic systems are embedded atom method (EAM) [7] and Finnis-Sinclair (FS) potentials [8] . EAM and FS potentials are comparable to pair potentials with respect to computational efficiency, but can properly reproduce important properties that pair potentials cannot (e.g. non-zero difference between the cohesive and unrelaxed vacancy formation energies and non-zero Cauchy pressure). In the present study we choose the FS type. The total potential energy in this formalism takes the following form:
where t i is the elemental type of atom i, N is the number of atoms in the system, r i,j is the separation between atoms i and j, φ r ( )
is the embedding energy function and
where ψ r ( )
are density functions. The rest of this paper is organized as follows. First, we describe ab initio calculations of the formation energy of Al-Sm crystal phases at T = 0 and ab initio molecular dynamics (AIMD) simulation used to obtain the density and partial pair correlation functions (PPCF) of liquid Al 90 Sm 10 alloy at T = 1273 K. Next we present the potential development procedure. Finally, we test the reliability of the developed potential by creating an Al 90 Sm 10 glass model and comparing its energy with AIMD data and the liquid-glass transition temperature with the experimental data.
Ab initio molecular dynamics simulation of the structure of liquid Al 90 Sm 10 alloy
A series of Al-rich crystalline compounds with Sm composition close to 10% were included in the potential development procedure. In addition to the known stable or metastable phases Al 3 Sm, α(β)-Al 4 Sm, Al 11 Sm 3 , and Al 5 Sm, we also included several other low-energy structures with ~50 atoms/unit cell, which were identified in a comprehensive genetic-algorithm search through configurational space [6] . All these structures shown in table 1 were fully relaxed using density functional theory (DFT) with the VASP package. The generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof [9] was used for the exchangecorrelation functional. The electron-ion interaction was treated with the projector-augmented wave method [10] . A cutoff energy of 400 eV was used for the plane-wave basis. The totalenergy converged to 10 −5 eV per cell in each self-consistent loop, and structural relaxation was terminated when the force on each atom fell below 0.01 eV Å −1
. Since Sm adopts a valence of 3 in most compounds, we chose a pseudopotential for Sm that includes only one 4 f electron 2 ). This pseudopotential successfully predicts that a rhombohedral structure for pure Sm is more stable than other lattice structures seen in early rare-earth elements. The formation energies of these structures calculated with respect to fcc Al and trigonal Sm are shown in figure 1 .
To generate a model of the liquid Al 90 Sm 10 alloy, we performed ab initio molecular dynamics simulations as implemented in the VASP package [11] . A large unit cell containing 500 atoms was used to ensure that the pair correlations of the system, especially those between the sparse species Sm, were captured with sufficient accuracy. Simulations were performed in the NVT ensemble, in which the number of atoms, volume, and temperature were held constant through the application of a Nose-Hoover thermostat. The Verlet algorithm was used to integrate Newton's equations of motion, using a time step of 3 fs. We first equilibrated the model at 2000 K over 2,000 MD steps. Then, the sample was gradually cooled to 1273 K at a rate of 8.3 × 10 13 K s −1 .
Potential development procedure
When a semi-empirical potential is developed for an alloy, the traditional approach is to start by developing potentials for the pure elements (or to take these potentials from the literature) and then to fit the cross-functions (e.g. see [12] [13] [14] ). When successful, this approach can lead to a potential suitable for a broad set of applications; however, it seems to be too involved for the purposes of the present study, which focuses on a very narrow concentration region. For instance, whether or not a potential is able to reproduce the properties of pure Sm is not important for the simulation of solidification/devitrification in Al 90 Sm 10 alloy, because Sm never appears in these transformations. For this reason, we focused mostly on the different phases with approximately 10% Sm content in the potential development procedure. Nonetheless, we included some basic properties of pure Al (listed in table 2), as well as the formation energies of a few crystal phases with higher Sm content (listed in table 1). However, less weight was given to fitting these properties in the potential development procedure. Formation energies of compounds strongly influence the driving forces for phase transformation, and so care was taken to reproduce these values for all relevant competing phases. The relative density of these phases is less important for our purposes, as long as residual stresses that develop during the transformation do not influence the transformation pathway, and so only the pure Al lattice parameter was included directly in this potential development procedure. We also included the density of liquid Al at the melting temperature T m , and the density of liquid Al 90 Sm 10 alloy at T = 1273 K, as obtained from ab initio molecular dynamics (AIMD).
Any semi-empirical potential that is to be used for modeling atomistic processes relevant to phase transformations that occur during solidification/vitrification should correctly reproduce the structure of the liquid/glass phase. The structure data can be obtained either from x-ray diffraction experiments or from ab initio molecular dynamics simulation. Since these data can be inconsistent with each other [15] , and the developed potential incorporates much data obtained from AIMD calculations, in the present work we used only the AIMD liquid structure data. The procedure to fit an FS potential to target PPCFs followed in this work was proposed in [16] . It should be noted that while it is straightforward to determine AIMD PPCFs for a liquid alloy, accurate determination of PPCFs for a glassy system is much more difficult because the structural relaxation times required can sometimes exceed timescales accessible to even classical MD simulation [17] . Thus it is better to use AIMD PPCFs for a liquid alloy at a temperature which is low enough that specific features of the alloy structure are vivid but high enough that AIMD is able to reach the equilibrium structure at this temperature. In the present study we used AIMD PPCFs obtained at T = 1273 K as the target functions.
The potential development procedure used in the present study has been well documented in our previous works (for details, see [14] and references therein). The developed potential can be obtained in LAMMPS [18, 19] format from [20] and supplementary materials (stacks. iop.org/MSMSE/23/045013/mmedia). The potential functions are shown in figure 2. They look typical for FS potential functions. Effective pair potentials are frequently defined as
where ρ s is the value of ρ for component s in a particular phase. The effective pair potentials shown in figure 2 are calculated for the Al 3 Sm phase. We note the rather smooth character of these functions. a The references to target properties can be found in [21] .
Examination of table 2 shows that the basic properties of pure Al are reproduced reasonably well with this potential (although a specially developed potential can provide a much better agreement with the target Al properties [21] ). The most pronounced disagreement between the target and reproduced Al values is for the cohesive energy. This should not be problematic unless the potential is used for the simulation of evaporation (see also the discussion in [22] ). The developed potential ensures that all included crystal Al-Sm phases are metastable with respect to a mixture of pure Al and Al 3 Sm in accordance with the experimental phase diagram and ab initio data (see figure 1) . However, the potential considerably underestimates the absolute value of the formation energy of Sm-rich compounds.
Examination of table 1 shows that the potential provides reasonable values for the lattice parameters for most of the Al-Sm crystal phases even though they were not included in the potential development procedure. To find out which of these phase are at least mechanically stable at T = 300 K we performed NpT (constant number of atoms, pressure and temperature) MD simulations where a barostat was used to ensure that all components of the stress tensor were zero. The simulation cells contained 1200-1800 atoms and the simulation time was 1 ns. Since any first-order phase transformation requires nucleation of a new phase, there is little chance of observing such a transformation during such short time simulations containing so few atoms. However, if a structure is mechanically unstable it will spontaneously transform to a mechanically stable structure. Thus, this test permits determining whether a given crystal phases is at least mechanically stable (metastable) at a particular temperature. These simulations showed that among all phases listed in table 1 only β-Al 40 Sm 8 is mechanically unstable at T = 300 K. Figure 3 shows that the PPCFs obtained with the developed potential are in very good agreement with the AIMD data. In particular this includes the very important fact that the height of the first peak of the Sm-Sm PPCF is smaller than that of the second peak (see [23] for more discussion). Thus, overall the developed potential satisfactorily reproduces all target properties included in the potential development procedure, especially taking into account that the main focus of the present work is the Al 90 Sm 10 alloy.
It should be noted that the developed potential was not designed for simulation of alloys with the Sm content larger than 25% (no data for large Sm content were used in the potential development procedure). For example, the developed potential predicts that the most stable phase in Sm has the body-centered tetragonal lattice while both experiment and ab initio calculations show that the most stable phase in Sm has the rhombohedral lattice.
Simulation of liquid-glass transition
In order to determine the liquid-glass transition temperature T g in the Al 90 Sm 10 alloy, we created a liquid model containing 5000 atoms. The model was equilibrated for 40 ps at T = 1100 K using NpT MD simulation and then cooled down to T = 300 K using NpT MD simulation at a rate of 10 10 K s
The energy of the model as function of temperature is shown in figure 4 . The shape of the curve shown in this plot is typical for systems that are quenched through a glass transition (see, e.g [14] ). At low temperatures, atomic motion closely resembles simple harmonic vibration, such that the energy can be written as E = E 0 + 3k B T where E 0 is the energy at T = 0 K. Therefore, the value of E − 3k B T is largely temperature-independent, as can indeed be seen in figure 4 . At higher temperatures, the anharmonicity of the atomic vibrations becomes increasingly important, and this leads to a corresponding increase in the value E − 3k B T, though the atomic motion is on the whole still oscillatory. In the liquid state, on the other hand, the quantity E − 3k B T depends strongly on temperature, because the harmonic approximation breaks down when atoms no longer vibrate around equilibrium positions. The glass transition temperature T g separates these two regimes. There is no unique way to determine this temperature from MD simulation data. In the present work, we used the same method as in [14] and obtained T g = 693 K.
The experimental value of T g as determined from differential scanning calorimetry (DSC) for the Al-Sm alloy with a roughly 90-10 composition is 445 K [1] . This value is much lower than that obtained in MD simulation using the developed potential. The reason for this disagreement is not clear. One possibility is that the AIMD may overestimate the order in Al-Sm liquid alloys (cf. [15] ) and the semi-empirical potential was fit to the AIMD PPCFs. It should also be noted that in the case of aluminum-rare earth alloys the DSC signal associated with the liquid-glass transition is very weak [24] . Thus, this question deserves further consideration.
Simulation of glass structure
To investigate whether the developed potential is able to predict properties beyond those which were explicitly included in the potential development procedure, we performed the following test. As was noted above it is very difficult to produce a well-relaxed glass model using AIMD. On the other hand it is not computationally expensive to determine the energy of a given atomic configuration from ab initio calculations (below we will refer to this quantity as the ab initio energy). In the case of glass, there are two obvious approaches to produce such a configuration [25] . In the first (purely ab initio) approach, a glass model is created by cooling a liquid model to T = 0 K using only AIMD. This method is limited to rather high cooling rates. In the second (hybrid) approach, a semi-empirical potential is employed to create a glass model at T = 0 K using a much lower cooling rate. Then the ab initio atomic forces are minimized and the ab initio energy can be calculated. If a semi-empirical potential provided exactly the same atomic forces as the ab initio calculations, the ab initio energy of the hybrid model would be lower than that of the purely ab initio model due to the much lower cooling rates accessible through the hybrid approach. If the cooling rates were identical then it might be anticipated that of the two models the ab initio energy of the purely ab initio model would be lower because the atomic forces in the hybrid approach are less accurate. In general which model corresponds to lower ab initio energy depends on a competition between two factors: the cooling rate, and the quality of the semi-empirical potential. If the ab initio energy of the hybrid model is less than or equal to that of the purely ab initio model, then the potential can be considered as satisfactory.
In the present work, we used a liquid model composed of 500 atoms equilibrated at T = 2000 K for 6 ps. In the purely ab initio approach this model was cooled down to T = 0 K at a rate of 8.3·10
13 K s −1 . In the hybrid approach, the same initial model was cooled to T = 0 K using the developed FS potential at cooling rates of 8.3·10 13 and 10 10 K s −1 ; then the ab initio atomic forces were minimized. In all cases, three runs corresponding to different initial atomic configurations at T = 2000 K were performed. The ab initio energies computed for these final models are shown in figure 5(a) . For identical cooling rates, AIMD simulation produces configurations with lower ab initio energies than those obtained using the hybrid approach, as anticipated. However, when the hybrid approach is used to sample much lower cooling rates, the ab initio energies of the resulting configurations are considerably lower than values obtained using purely ab initio approach. The observed energy difference is about 15% of the pure Al latent heat. The atomic volumes in the glass models created using purely AIMD simulation and the hybrid approach are similar when the same cooling rate is used. However, for lower cooling rates the hybrid approach leads to higher atomic density than that achieved in the purely AIMD simulation (see figure 5(b) ), which indicates more efficient atomic packing. Thus this test demonstrates the good quality of the developed potential. 
Conclusions
In the present work we developed a semi-empirical potential for the Al 90 Sm 10 alloy. The potential provides a satisfactory reproduction of basic pure Al properties as well as the formation energies of a set of Al-Sm crystal phases that contain about 10% Sm. Therefore the developed potential should provide reasonable estimations for the driving forces for phase transformations that occur in this composition range. The developed potential also closely reproduces the structure of the liquid Al 90 Sm 10 alloy at T = 1273 K, in excellent agreement with AIMD simulation. Moreover, it leads to a glass structure with a lower ab initio energy than does the AIMD itself using cooling rates practical for AIMD simulations, which means that the developed potential should provide realistic liquid/glass structures at any temperature below T = 1273 K. Therefore, the developed potential should be suitable for the simulation of interfaces between crystal and liquid/glass phases. Based on these facts the developed potential can be used in MD simulations of solidification/vitrification in the Al 90 Sm 10 alloy.
